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Abstract: Developing effective irrigation and drainage strategies to improve the quality of saline-alkali soil 
is vital for enhancing agricultural production and increasing economic returns. In this study, we explored 
how irrigation and drainage modes (flood irrigation, drip irrigation, and sub-surface pipe drainage under 
drip irrigation) improve the saline-alkali soil in Xinjiang, China. We aimed to study the transport 
characteristics of soil water and salt under different irrigation and drainage modes, and analyze the effects 
of the combination of irrigation and drainage on soil salt leaching, as well as its impacts on the growth of 
oil sunflower. Our results show that sub-surface pipe drainage under drip irrigation significantly reduced 
the soil salt content and soil water content at the 0-200 cm soil depth. Under sub-surface pipe drainage 
combined with drip irrigation, the mean soil salt content was reduced to below 10 g/kg after the second 
irrigation, and the soil salt content decreased as sub-surface pipe distance decreased. The mean soil salt 
content of flood irrigation exceeded 25 g/kg, and the mean soil desalination efficiency was 3.28%, which 
was lower than that of drip irrigation. The mean soil desalination rate under drip irrigation and 
sub-surface pipe drainage under drip irrigation was 19.30% and 58.12%, respectively. After sub-surface 
drainage regulation under drip irrigation, the germination percentage of oil sunflower seedlings was 
increased to more than 50%, which further confirmed that combined drip irrigation and sub-surface pipe 
drainage is very effective in improving the quality of saline-alkali soil and increasing the productivity of 
agricultural crops. 
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1 Introduction 


It is widely accepted that saline-alkali soil can restrict the development of agricultural land (e.g., 
Zhang et al., 2013; Mai et al., 2014). The global distribution area of saline-alkali soil covers about 
1.0x107 km’, accounting for 10% of the total global landmass (Ren et al., 2012). However, the area 
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of land occupied by saline-alkali soil still increases at an annual rate of 1.0x10* km’, 
predominantly in inland arid and semi-arid regions (Ou et al., 2009). In China, saline-alkali soil is 
distributed mainly in the northeastern, northern and northwestern regions, with a total area of more 
than 9.9x10° km? (Yao et al., 2006; Guan, 2012; Yang and Wang, 2014). Specifically, the 
distribution areas of secondary saline-alkali soil, original saline-alkali soil and potential 
saline-alkali soil are 3.7x10°, 4.5x10° and 1.7x10° km?, respectively (Guan, 2012; Yang and Wang, 
2014). In Xinjiang of China, the land area occupied by saline-alkali soil is 2.8x10° km?, equating 
to 28.3% of the total saline-alkali land area in China (Zhao et al., 2008; Yang and Wang, 2014). 

Water-saving and salt-controlling drip irrigation is widely used in Xinjiang to increase water 
retention in the shallow root zone and to limit salt concentration during growth periods (Ruisen et 
al., 2009). Each year, the land surface is subjected to deep ploughing and drying during the 
months from October to December in order to transport salt from the root zone to the soil surface. 
Although this improves soil water permeability, the salt component is retained from the 
groundwater level to the soil surface (Chen and Feng, 2013). Soil salinity in such tilled areas 
accumulates at an annual rate of 0.36 g/kg, which eventually forms a salt crust deposit. 

The most obvious feature of saline-alkali soil is the hardened surface layer, which has a poor 
structural composition (Stuyt et al., 2000). There are several efficient ways to encourage 
improvements to such soil, including salt-tolerant crop plantation (Randall and Vetsch, 2005), 
chemical modifiers (Library, 2015), farming and fertilization (Savci, 2012; Willer and Lernoud, 
2016) and engineering measures (Bahçeci et al., 2018). Of these, water conservancy engineering 
is one of the most commonly used methods (Jat et al., 2011; Huang, 2012; Song et al., 2015). 
Following the study of Nijland et al. (2005), drainage technology has been applied in 1.5x107 km? 
of cultivated land across the world, with a total estimated drainage area of 3.0x10° km°. In the 
beginning of the 21“ century, sub-surface pipe drainage technology was developed on the basis of 
the findings reported by (Stuyt et al., 2000), which can effectively control the underground water 
level, improve soil water and salt conditions, and yield a high crop production (Kroger et al., 
2007). Sub-surface pipe drainage technology was introduced rapidly in Europe and the United 
States (Rimidis and Dierickx, 2003; Ritzema et al., 2006; Moriasi et al., 2013; Verma and Cooke, 
2015), where it was applied to more than 30% of agricultural land. Bahçeci et al. (2009) found 
that the proportion of desalination in the surface soil layer of salinized farmland in arid areas 
could reach up to 80% on average after 3 years of applying a sub-surface pipe drainage system. In 
a more recent study, Sallam (2017) highlighted that without a sub-surface pipe drainage system, 
crop yields could fall by as much as 20% within a few years. Generally speaking, sub-surface 
pipe drainage technology plays an essential role in improving the saline-alkali soil. 

In fact, the sub-surface pipe drainage system was designed originally to reduce the 
underground water level, remove excess water from the root zone and improve the soil physical 
properties. It was also considered as a drainage method to remove the excess water from 
semi-humid coastland, river regions, basins and swampy areas. In arid regions, the sub-surface 
pipe drainage system is mainly used to improve the production efficiency of saline-alkali soil and 
reduce desertification (Wang et al., 2017). 

In the present study, we carried out experiments in an arid region of Xinjiang, China by using 
the sub-surface pipe drainage system to reduce soil salinity under drip irrigation. Specifically, 
field experiments were conducted on native saline-alkali soil in a saline wasteland of Xinjiang. 
Three irrigation and drainage modes (flood irrigation, drip irrigation, and sub-surface pipe 
drainage under drip irrigation) were designed to analyze the transport and distribution 
characteristics of water and salt in the soil profile. Our goal was to provide a scientific rationale to 
improve saline-alkali soil conditions and prevent land desertification in arid regions. 


2 Materials and methods 


2.1 Study site 
The study site is located in the north of Shawan County, Xinjiang, China (44°36’'N, 85°21'E). The 
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total experimental area is 3.4 hm?. The terrain is high in the southeast and low in the northwest, 
and the natural slope is 2.4%o from the north to the south. The study site is characterized by a 
typical arid climate. As shown in Figure 1, annual mean temperature was 6.8°C, mean annual 
precipitation was 200 mm and mean annual evaporation was 1718 mm during 2015-2016 (i.e., 
experimental period). 
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Fig. 1 Meteorological data (including sunshine hours, temperature, precipitation and evaporation) for the study 
site in 2015 (a) and 2016 (b) 


The study site is a primitive wasteland with the soil texture of sandy soil and silt loam. Salt 
content in the shallow soil layer exceeds 25 g/kg. Groundwater level is deeper than 4 m. Soil 
samples collected from a total depth of 0-140 cm (8 soil layers and 3 repetitions for each soil 
layer) using the 5-point diagonal sampling method in June 2015 were used to determine the basic 
soil properties in this area (Table 1). 


2.2 Experimental design 


The specific plant species tested in this study was the oil sunflower, and three irrigation and 
drainage modes were designed: (1) flood irrigation (including 1 treatment); (2) sub-surface pipe 
drainage under drip irrigation (including 4 treatment sites); and (3) drip irrigation (including 4 
treatment sites; Table 2). The first irrigation mode was performed in June 2015; the second 
irrigation and drainage mode was conducted twice in June and September, 2016; and the third 
irrigation and drainage mode was performed from June to September (i.e., growth period), 2016. 
It should be noted that the supervising test within the fertility period of oil sunflower was 
implemented between June and September, 2016. 
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Table 1 Basic soil properties in the study site 


Soil layer Soil texture EC BD WC HC Porosity 
(cm) Sand (%) Silt (%) Clay (%) (dS/m) (g/cm?) (%) (cm/d) (%) 
0-5 61.8 35.1 3.1 13.20 1.18 20.17 12.1 54.99 

15-20 63.3 34.1 2.6 11.78 1.16 21.27 9.6 55.53 
35—40 51.6 44.1 4.3 11.94 1.25 16.75 8.6 52.62 
55-60 52:7 44.8 25 12.63 1.20 19.03 8.1 54.33 
75-80 53.1 43.9 3.0 11.42 1.17 19.70 8.5 55.19 
95-100 53.1 44.7 2.2 11.63 1.17 25.54 8.4 55.45 
115-120 45.8 52.2 2.0 10.86 1.22 18.02 7.1 53.57 
135-140 41.4 52.1 6.5 9.47 1.29 22.41 6.9 51.38 


Note: EC, electrical conductivity, BD, bulk density; WC, water capacity; HC, hydraulic conductivity. 


Table 2 Description of the experimental design 


Irrigation and drainage Treatment/Site Irrigation Irrigation amount Duration Tee time 
mode code times (m?/hm?) (h) 
FI FI-CK; 1 1.125x104 12 June 2015 
SPD-0.0 
SPD SPD-5.0 2 1.125x104 (1%; 50 (1*) 8 June 2016; 
SPD-7.5 1.000x104 (2"¢) 48 (2"¢) 8 September 2016 
SPD-CK, 
DI-P1 
DI-P2 2 June—September, 
DI DLP3 6 7.000x10 6 2016 
DI-CK; 


Note: FI, flood irrigation; FI-CK), control treatment of flood irrigation. SPD, sub-surface pipe drainage under drip irrigation; SPD-0.0, 
SPD-5.0 and SPD-7.5 represent that sampling sites are 0.0, 5.0 and 7.5 m from the sub-surface pipe drainage under drip irrigation, 
respectively; SPD-CKg, control site under drip irrigation without sub-surface pipe drainage. DI, drip irrigation; DI-P1, sampling site in 
the bare soil between mulches under drip irrigation; DI-P2, sampling site in the 45 cm of wide line under drip irrigation; DI-P3, 
sampling site located beneath the drip irrigation tape; DI-CK3, control site under drip irrigation without salinization. 


2.2.1 Flood irrigation experiment 


Generally, flood irrigation requires an abundance of water, and it is better to apply flood irrigation 
during the period in which there is a sufficient quantity of irrigation. The squaring period of local 
oil sunflower (June 2015) was a logical choice (Table 2). First, we made the whole test area 
smooth by using a PL2304 tractor (Zoomlion, Changsha City, China) to generate tractive power 
along with a domestic JP3 laser emitter (FOIF, Suzhou City, China). The error was less than 20 
mm. The mode of water delivery was that of traditional border irrigation. The check length and 
width of the border were 15 and 30 m, respectively, and the height of the field ditch was 60 cm. 
We total set 68 sampling points (15 mx10 m for each; Figs. 2a and b) before and after the surface 
flood irrigation to determine the soil salt content. 


2.2.2 Experiment of sub-surface pipe drainage under drip irrigation 


In 2016, sub-surface pipe drainage treatments were conducted in the field. The layout of the 
experimental design is shown in Figures 2c and d. Specifically, we enclosed the ground, measured 
a suitable line, dug a pipe ditch with an excavator and shoveled out the bottom of the ditch. Then, 
we laid a non-woven water suction pipe and a drainage pipe, and backfilled the pipe ditch with 
gravel and soil. The rest of the soil was rammed and compacted when backfilling with soil 
material, except the part that was closer than 30 cm to the filter material. All procedures were 
performed manually. The water suction pipe was manufactured by Xinjiang Tianye Company 
(Xinjiang, China) through perforated PVC single-arm bellows, with a space of 15.0 m and a depth 
of 0.7 m. About 10 pipes with the diameter of 90 mm and the length of 200 m for each were used. 
The opening size of each water suction pipe was less than 1 mm. The total area of the openings 
was larger than 250 cm?/m? and the slope design was 4%o. The water suction pipe end flowed into 
a collecting well, which is a high-quality resin-reinforced one-piece water collecting well that 
connected with the drainage ditch by the drainage pipe. The drainage pipe was a hard PVC plastic 
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pipe with a diameter of 250 mm. The design slope was 3%o. 
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Fig. 2 Layout of the experimental design. (a), sampling points of flood irrigation experiment; (b), experimental 
design of flood irrigation; (c), sampling sites in the experiment of sub-surface pipe drainage under drip irrigation; 
(d), experimental design of sub-surface pipe drainage under drip irrigation. It should be noted that the drainage 
pipe was buried underground. SPD, sub-surface pipe drainage under drip irrigation; SPD-0.0, SPD-5.0 and 
SPD-7.5 represent that sampling sites are 0.0, 5.0 and 7.5 m from the sub-surface pipe drainage under drip 
irrigation, respectively; SPD-CKa, control site under drip irrigation without sub-surface pipe drainage. 


2.2.3 Monitoring experiment within the reproduction period of oil sunflower 

After the control treatment of flood irrigation in 2015 and the first treatment of sub-surface pipe 
drainage under drip irrigation in June of 2016, oil sunflower (cv. KF366) was planted on 18 June 
2015 and 15 June 2016, respectively. The distance between the plants was 10 cm, and the distance 
between the rows was 30 cm. The width of the plastic film was 140 cm. The spacing of the drip 
irrigation pipe was 90 cm. The flow rate of drip irrigation was 2.6 m°/h, and the dripper spacing 
was 30 cm (Fig. 3). Oil sunflower was irrigated 6 times during the growing period (Table 2), in 
which 2 times at the squaring stage, 2 times at the flowering stage and 2 times at the grain-filling 
stage. The total amount of irrigation was 7.000x10? m?/hm?. The irrigation water had a 
mineralization degree of 0.8—1.0 g/mL. 
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Fig. 3 Layout of the planting pattern of oil sunflower under drip irrigation (DI). DI-P1, sampling site in the bare 
soil between mulches under drip irrigation; DI-P2, sampling site in the 45 cm of wide line under drip irrigation; 
DI-P3, sampling site located beneath the drip irrigation tape. 


2.3 Field sampling and data analysis 


In total, 68 soil sampling points were selected from each border (Fig. 2). The soil was sampled at 
5 d intervals before and after flood irrigation experiment. At each sampling point, 10 soil samples 
were taken from 10 soil layers within the depth of 0-200 cm (i.e., 0-5, 5-20, 20-40, 40-60, 
60-80, 80-100, 120-140, 140-160, 160-180 and 180-200 cm) by using aluminum boxes (Hu and 
Islam, 1995). For sub-surface pipe drainage under drip irrigation experiment, soil samples were 
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taken from sampling sites at 0.0, 5.0 and 7.5 m away from the sub-surface pipe (sub-surface pipe 
spacing of 15 m; Fig. 2). 

After the first treatment of sub-surface pipe drainage under drip irrigation (SPD), soil sampling 
sites were set in the bare soil between plastic film under drip irrigation (DI-P1), in the 45 cm of 
wide line under drip irrigation (DI-P2) and beneath the drip irrigation tape (DI-P3) at the different 
growth stages of oil sunflower. Six soil samples were collected at a depth of 100 cm for each 
sampling site. Oil sunflower seeded in the same year under non-salinization drip irrigation was 
considered as control (DI-CKs, control site under drip irrigation without salinization) to compare 
with oil sunflower under drip irrigation (DI-P1—DI-P3) in the saline region. 

All soil samples were dried with a hot air oven (DHG-9003, Shanzhi, Shanghai, China) at 
150°C. Once dried, 10 g of each soil sample was removed, ground, sifted (through a 1-mm sieve) 
and then placed in a 150 mL Erlenmeyer flask with 50 mL of distilled water. The Erlenmeyer 
flask (water:soil mass ratio=1:5) was stirred by an oscillatorsto (Shanghai, China) for 10 min and 
then standed. After standing for 15 min, electrical conductivity (EC) of the water extract was 
measured using a DDS-307 conductivity meter (INESA, Shanghai, China). 

The total soluble salt (TDS) was calculated from the extracted EC, and the accuracy of the 
calculated salt content was improved by use of a regression equation. The relationship between soil 
salt content and EC was calibrated using the drying-residue method as follows (Zhu et al., 2010): 


y = 2.277EC— 0.324 (R? =0.98), (1) 


where y is the soil salt content (g/kg) and EC is the electrical conductivity (dS/m). 

The soil desalination rate was then calculated as follows: 

Si —S2 

1 
where N is the soil desalination rate (%); S, is the initial value of soil salt content (g/kg) before 
irrigation; and S% is the final value of soil salt content after irrigation (g/kg). 

For oil sunflower, the germination percentage, survival percentage, plant height and leaf area 
index were measured at each growth stage at three points at each processing location. 
Germination percentage refers to the proportion of the germinated seeds to the total sowed seeds. 
In this study, it was obtained by randomly selecting three 2 mx2 m rectangular ranges. The 
survival percentage is the proportion of the number of survived seedlings to the total number of 
initially seedlings. It was measured every three days. Moreover, we selected three representative 
oil sunflowers at each growth stage and measured plant height from the main stem to the top of 
the main stem 2 weeks after sowing. These plants were observed once a week. 

Leaf area index (LAI) was calculated as follows: 

LAI= AL (3) 
AS 
where LAI is the leaf area index (m?/ m?); AL is the total leaf area of the plant (m?); and AS is the 
area that the leaf occupies (m7). 
Salt elution curve was described as follows: 


b 
W.-W, 
oo ele), (4) 
Wi We 


N= 


x 100%, (2) 


where Weo is the soil salt content at a certain depth before irrigation and leaching (g/kg); We is the 
soil salt content after leaching at a certain soil depth (g/kg); Wep is the soil salt content at the time 
when the irrigation and leaching amounts are balanced in the experimental area (g/kg), which is 
normally indicated by soil salt content at a depth of 0-5 cm after leaching; a and b are fitting 
parameters; Dw is the amount of irrigation and drainage water (mm); and Dy is the leaching soil 
depth (cm). 


2.4 Statistical analysis 
IBM SPSS Statistics 19.0 (IBM Inc., USA) was used to undertake correlation analyses and 


ChinaxX iv ERAT 


JOURNAL OF ARID LAND 


significance tests, and the Duncan's new multiple range test was used for multiple comparisons. 
Difference is considered as significant at P<0.05 level. OriginPro software (OriginLab, OriginPro 
8.5, USA) was used to complete the mapping procedure. 


3 Results 


3.1 Distribution of soil water and salt under different irrigation and drainage modes 


The distribution characteristics of soil water and salt of oil sunflower under different irrigation 
and drainage modes are shown in Figure 4. After the first treatment of SPD, the distribution of 
soil water and salt of oil sunflower under drip irrigation (i.e., DI-P1—DI-P3) was influenced by the 
amount of drip irrigation water at the seedling stage of June-July (Figs. 4al and b1). In the 
vertical direction, soil water content was gradually increased from the shallow layers to the deep 
layers, particularly at the depth of 40—80 cm (Figs. 4al—a4). The mean soil water content was 
higher than 23.47% (P<0.05). Soil water content beneath the drip irrigation tape (i.e., DI-P3) was 
the highest at all growth stages (P<0.05; Figs. 4al—a4). The mean soil salt content was greater 
than 18 g/kg (heavily salinized level), and the salt was mainly accumulated on the surface soil 
layer (Figs. 4b1—b4), with an average value of 25 g/kg. The soil salt content in the 40—100 cm soil 
layer decreased slightly (P<0.05). 
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Fig. 4 Distribution characteristics of soil water and salt contents at different growth stages of oil sunflower 
under drip irrigation (al—a4, b1—b4) and before the 1* irrigation and after the 2" irrigation under sub-surface pipe 
drainage combined with drip irrigation(cl—c2, d1—d2) 


The distribution characteristics of soil water and salt under sub-surface pipe drainage combined 
with drip irrigation are shown in Figures 4cl-c2 and d1l—d2. Two leaching periods occurred 
before and after the growth period of oil sunflower. At the depth of 80—120 cm, soil water content 
was slightly reduced and it was influenced by the sub-surface pipe drainage under drip irrigation. 
Generally speaking, the soil below 120 cm depth was less affected by evaporation. Before the 1“ 
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irrigation under sub-surface pipe drainage combined with drip irrigation, the content of soil salt 
was very high, particularly in the 0-40 cm surface soil layer (salt content >20 g/kg). After the 2"¢ 
irrigation, the soil salt content at the depth of 0—60 cm notably decreased to moderate levels (6—10 
g/kg; P<0.05). Compared to wasteland before irrigation, the soil salt content in different sections 
of the experimental field generally reduced under sub-surface pipe drainage combined with drip 
irrigation, felling to 10 g/kg. 

Figure 5 shows the distribution of soil salt content before and after flood irrigation. The soil in 
the experimental area was saline-alkali soil. Although mechanical planarization was carried out in 
the experimental area, the soil ground still showed uneven settlement after irrigation. The mean 
soil salt content in the south of the area (sampling points numbered 66—68) was 30 g/kg. The 
duration of flood irrigation was only 12 h. Daytime temperature and evaporation during the 
irrigation and leaching period (June 2015) reached a maximum of 30°C and 6 mm, respectively. 
Influenced by the temperature and evaporation, soil water content in the shallow soil layer carried 
large amounts of salt, which showed an upwards movement, resulting in salt accumulation and 
low flood irrigation efficiency. 
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(b) After flood irrigation 
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Fig. 5 Distribution of soil salt content before (a) and after (b) flood irrigation 


3.2 Effects of different irrigation and drainage modes on soil salt content and desalination 
rate 


The mean salt content and desalination rate of soil under different irrigation and drainage modes 
are summarized in Table 3. For the sub-surface pipe drainage under drip irrigation treatments, the 
total soil salt content was greater than 27 g/kg in the control site without sub-surface pipe 
drainage (SPD-CK2). After the 1* irrigation in early June, the mean soil salt content in the 
sampling sites being 0.0, 5.0 and 7.5 m from the sub-surface pipe drainage under drip irrigation 
(SPD-0.0, SPD-5.0 and SPD-7.5, respectively) decreased from 26-27 to 15-17 g/kg, and the soil 
desalination rate ranged from 36% to 43%. After the 2™ irrigation in September, the mean soil 
salt content at the depth of 0-100 cm under sub-surface pipe drainage combined with drip 
irrigation (SPD-0.0, SPD-5.0 and SPD-7.5) decreased to 10-12 g/kg. The soil desalination rate 
was largest at a horizontal distance of 0.0 m from the sub-surface pipe drainage under drip 
irrigation and smallest at the mid-site (7.5 m from the sub-surface pipe drainage), indicating that 
the further away from the water suction pipe, the lower the soil desalination rate. In the control 
area (SPD-CK2), the soil desalination rate was —9.01% after the 2™ irrigation in September. 


Furthermore, the average soil desalination rate was 58.12% under sub-surface pipe drainage 
combined with drip irrigation. 


3.3 Leaching curves of soil salt content under different irrigation modes 


The leaching curves of soil salt content under different irrigation modes are shown in Figure 6. 
During the early stages of drip irrigation with sub-surface pipes, the soil salt content was high and 
soil desalination rate in the shallow soil layer was improved. As the wetting fronts overlapped 
near the drip irrigation tape during the late stages, the soil salt was removed with water flow and 
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reached to the deep sub-surface pipes where the majority was drained. Some residual salt 
accumulated beneath the deep sub-surface pipes, as observed along the vertical axis (>100 cm) in 
Figures 4d1 and d2. Compared with flood irrigation without sub-surface pipes, drip irrigation 
with sub-surface pipes consumed less water to leach the same salt content at the same soil depth, 
with determination coefficients of 0.976 and 0.621 for drip irrigation and flood irrigation, 
respectively. The high fitting degree (R?=0.976) of drip irrigation with sub-surface pipes made a 
notable contribution to the improvement of drip irrigation in the field. 


Table 3 Effects of different irrigation and drainage modes on soil salt content and desalination rate in the 0—80 
cm soil layer 


Sterlite: site SSS SSB SSF SSGFP SDR ASDR 
(g/kg) (g/kg) (g/kg) (g/kg) (%) (%) 
DI-P1 22.76° 21.43° 21.45° 20.83° 8.48° 
DI-P2 21.55? 20.58? 19.79° 18.25% 15.33° 19.30 
DI-P3 20.34° 16.20° 15.04° 13.41° 34.09° 
DI-CKs 5.41° 5.23* 4.77° 4.51* 15.52° 
Sampling die SSBI1" SS1" SDRI* ss2™ SDR2™ ASDR 
(g/kg) (g/kg) (%) (g/kg) (%) (%) 
SPD-0.0 27.07° 15.33? 43.37° 10.24° 62.16° 
SPD-5.0 27.83° 16.22? 41.72° 11.68” 58.05" 58.12 
SPD-7.5 26.41° 16.70° 36.77" 12.11” 54.16° 
SPD-CK> 27.31" 28.86" —5.68° 29.77" ~9.014 
Sampling points in FI-CKi F o r a 
19, 20, 21 22.42° 23.49¢ 4.77" 
39, 40, 41 29.37° 27.15° 7.56° 3.28 
50, 51, 52 32.18" 29.83" 7.30° 


Note: SSS, soil salt content during the seedling stage; SSB, soil salt content during the bud stage; SSF, soil salt content during the 
flowering stage; GFPSS, soil salt content during the grain filling period; SDR, soil desalination rate; ASDR, average soil desalination 
rate (except for control site); SSBI1“, soil salt content before the 1° irrigation under sub-surface pipe drainage combined with drip 
irrigation; SS1*, soil salt content after the 1* irrigation; SDR1*, soil desalination rate after the 1“ irrigation; SS2™, soil salt content after 
the 2™ irrigation; SDR2"4, soil desalination rate after the 2"4 irrigation; SSBFI, soil salt content before flood irrigation; SSAFI, soil salt 
content after flood irrigation. Mean+SD; n=100. Different lowercase letters in the same column represent significant differences among 
treatments (sampling sites or points) at P<0.05 level. 
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Fig. 6 Leaching curves of soil salt content under flood irrigation (without sub-surface pipes) and drip irrigation 
(with sub-surface pipes). Weo, soil salt content at a certain depth before irrigation and leaching (g/kg); We, soil salt 
content after leaching at a certain soil depth (g/kg); Wep, soil salt content at the time when the irrigation and 
leaching amounts are balanced in the experimental area, which is normally indicated by soil salt content at a depth 
of 0-5 cm after leaching (g/kg); Dw, the amount of irrigation and drainage water (mm); Ds, the leaching soil depth 
(cm). 


HENG Tong et al.: Effects of combined drip irrigation and sub-surface pipe drainage on water and salt ... 


3.4 Growth characteristics of oil sunflower under different irrigation modes 


Changes in the germination percentage, survival percentage, plant height and leaf area index for 
different irrigation modes are illustrated in Figure 7. For the flood irrigation (without sub-surface 
pipes), the germination percentage and survival percentage of oil sunflower were 35.5% and 27.1% 
after 8 d of seedling emergency, respectively. However, for the drip irrigation (with sub-surface 
pipes), both the germination percentage and survival percentage of oil sunflower exceeded 45% 
after 8 d of seedling emergency. The salinity difference in the soil ploughing layer resulted in the 
germination percentage and survival percentage under drip irrigation and flood irrigation being 
lower than those under drip irrigation without salinization (DI-CK3). By the 18" d of seedling 
emergency, the germination percentage under flood irrigation was only half that under DI-CK3. 

The growth variation trend in plant height and leaf area index under different irrigation modes 
showed the following descending order: DI-CK3>drip irrigation>flood irrigation. Plant height is 
an effective indicator of plant growth as it can reflect the growth from the root to the main stem. 
In this study, plant height exhibited an "S" curve with seedling emergency time under the three 
irrigation and drainage modes. Drip irrigation with sub-surface pipes was more favorable to an 
increase in plant height and leaf area index. The differences of plant height and leaf area index 
between drip irrigation and flood irrigation were the largest during the fluorescence period (56 d 
of seedling emergency) and smallest during the periods of squaring and maturation. 
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Fig. 7 Effects of different irrigation and drainage modes on the growth characteristics of oil sunflower during 
the growth periods. (a), germination percentage and survival percentage; (b), plant height; (c), leaf area index. FI, 
flood irrigation; DI, drip irrigation; DI-CKs, control site under drip irrigation without salinization. 


The yield indices of oil sunflower under different irrigation modes from 2015 to 2016 are 
shown in Table 4. Setting percentage, single disc grain weight per plant and 1000-grain weight 
are important yield indices of oil sunflower. The differences of crop yield among the three 
irrigation modes were significant at P<0.05 level. The production of oil sunflower under flooding 
irrigation (2015) and drip irrigation (2016) was 1962.88 and 1000.95 kg/hm’, respectively, being 
lower than that under DI-CK3 (P<0.05). 


Table 4 Effects of different irrigation modes on the yield indices of oil sunflower 


an oot a ee ae 
Flooding irrigation 2015 90.70° 85.61° 59.12° 2634.68° 
Drip irrigation 2016 93.23% 106.31% 72.37" 3596.61” 
DI-CK; 2016 95.67* 111.95? 83.85° 4597.56" 


Note: Different lowercase letters in the same column indicate significant differences among different irrigation modes at P<0.05 level. 


4 Discussion 


The existing method used to solve the secondary salinization in non-saturated root zones involves 
restraining salt content by flood irrigation once every several years (Aslam and Prathapar, 2016). 
However, this solution is associated with many problems, such as low efficiency and the wastage 


JOURNAL OF ARID LAND 


of abundant fresh water resources (Balwinder et al., 2011). Furthermore, this approach leads to an 
increase of groundwater level and soil consolidation, aggravating secondary salinization. Most 
existing research on the improvement of saline-alkali soil was based on low-yield fields with soil 
secondary salinization. However, saline-alkali soil is needed to be improved by reducing the 
original salt level (Liu et al., 2014). In addition, drip irrigation under mulching film could weaken 
the effects of soil salinity on crop growth, although the germination percentage is higher than 75% 
(Mo and Wang, 2017). In this study, the experimental land is featured by a typical saline soil 
which undergoes long-term salt accumulation. Furthermore, the soil texture and salt content in 
different layers vary greatly. The use of flood irrigation could not change the total amount of soil 
salt, but it can cause the salt to migrate into deeper soil layers and thus redistribute soil salinity 
(Xie et al., 2011). In the study area, compared with flood irrigation, the salt content in the 
saline-alkali soil decreased following the application of sub-surface pipe drainage combined with 
drip irrigation. 

There is currently only a limited amount of research available that has used field tests to 
improve saline-alkali soil using sub-surface pipe drainage under drip irrigation in arid and 
semi-arid regions of China. On the one hand, sub-surface pipe drainage under drip irrigation is a 
high-cost and time-consuming practice. On the other hand, soil secondary salinization under 
current irrigation systems could be controlled rationally during the period of fertility. In order to 
control soil salt in an appropriate manner, the tested results from this study, including the patterns 
of soil water and salt migration under different irrigation and drainage combinations, the effects 
of different irrigation modes and the growth characteristics of oil sunflower, could be taken into 
consideration. Based on Table 2, we conclude that the combination of irrigation and drainage 
system, at an irrigation amount of 1.0x10* m*/hm”, is suitable for improving the original 
saline-alkali soil in Xinjiang. After two irrigations, the total salt content in the 0-80 cm soil layer 
could decrease to below 10 g/kg, and the mean soil desalination rate could reach up to 58.12%. 
Combined with conventional drip irrigation under mulching film, the germination percentage of 
oil sunflower can exceed 50%. Therefore, research relating to sub-surface pipe drainage under 
drip irrigation should be further studied to fully realize the objective of thorough land 
desalinization. 

In a previous study about silt loam soil in Ohio, Goins and Taylor (1959) not only found that 
shallow drains (60 cm in depth) responded more rapidly to precipitation than deep drains (90 cm 
in depth), but also noted that drainage volume was significantly decreased from shallow drains. 
This result was latterly supported by Hoover and Schwab (1969), who also reported that if 
positioned at the same depth, the drainage volume from narrower drain spacing (9.0 m) was 
significantly greater than that from wider drain spacing (18.0 m). Similarly, Kladivko and 
Grochulska (1999) highlighted that on a silt loam soil in Indiana of USA, unit area discharges 
were significantly greater from drains spaced at 5.0 m intervals than those from drains spaced at 
20.0 m intervals. According to the study of Hornbuckle et al. (2007), double-layer drainage 
system (1.8 m depth and 20.0 m spacing for the first system, and 0.8 m depth and 3.3 m spacing 
for the second system) was more efficient at water removal than a single-level drainage system 
(1.8 m depth and 20.0 m spacing). However, the current study showed that, from the perspective 
of saline-alkali soil improvement, 15.0 m spacing yielded a better salt desalination effect than 
either 20.0 or 25.0 m spacing. Our study also showed that a shallow and dense sub-surface pipe 
laying pattern is more suitable for the improvement of saline-alkali soil in Xinjiang. Radu et al. 
(2017) studied sub-surface drainage efficiency under a combination of sub-surface pipe drainage 
and drip irrigation in the Moldova River Meadow, and pointed out that the best laying pattern for 
sub-surface pipes is 20.0 m spacing and 1.0 m depth. In another study, Zhang et al. (2014) 
investigated the salt desalination rate of coastal saline soil achieved by flood irrigation and 
sub-surface pipe drainage, and the results indicated that soil salt content decreased from 14 to 6 
g/kg after 3 cycles of irrigation and drainage experiments, with an irrigation amount of 300—400 
mm. In our present experiments, the saline-alkali soil had been left undisturbed and unleached for 
many years; as a consequence, the amount of drip irrigation should be more than 600-800 mm to 
achieve the same soil desalination rate (58.12%). Since the present experiments were carried out 
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in an arid area of China where the groundwater level was relatively deep, then we recommended 
that in arid regions of China, 15.0 m spacing and 0.6 m depth would be the best laying pattern for 
the sub-surface pipes under drip irrigation. 

The distribution of soil water and salt is complex and it is difficult to comprehensively observe 
the dynamic distribution of soil water and salt under sub-surface pipe drainage combined with 
drip irrigation. Due to the large amount of water used in the traditional flood irrigation, the 
agricultural production cost is relatively high. In addition, the requirements for the length and 
slope of ditch, the height and width of ridge, and the flowing capacity are also strict. During the 
process of flood irrigation, it is necessary to improve the agricultural utilization efficiency of 
water resources and optimize flood irrigation to achieve a sustainable level of agricultural 
development. In this study, a leaching curve equation was determined on the basis of the 
relationship between final soil salt content and water flow. We found that drip irrigation could be 
made more efficient when it is combined with sub-surface pipes and that the water-saving 
potential of drip irrigation is better than that of flood irrigation. Therefore, the leaching curve 
could be considered as a guide to improve the typical soil salt content of wastelands by using drip 
irrigation with buried sub-surface drainage pipes. 

To conclude, compared with flood irrigation, sub-surface pipe drainage under drip irrigation 
has a better effect on the distribution of soil water and salt in saline-alkali soil, as well as the 
germination and seedling growth of oil sunflower. Drip irrigation with sub-surface pipes could 
create a severe challenge to traditional flood irrigation and desalting practices for raw wastelands, 
and could optimize traditional models such as flood irrigation and open ditch drainage for the 
improvement of saline-alkali soil. However, drip irrigation can also produce deep soil seepage 
and may result in ecosystem pollution due to soluble pollutants collected by the continuous 
sub-surface pipe drainage system, thus affecting groundwater quality. In future researches, it is 
necessary to investigate how sub-surface pipe drainage under drip irrigation affects groundwater 
and deep soils. 


5 Conclusions 


Three irrigation and drainage modes (flood irrigation, drip irrigation, and sub-surface pipe 
drainage under drip irrigation) were designed to analyze the transport and distribution 
characteristics of water and salt in the soil profile in an arid region of Xinjiang, China. This study 
highlights two conclusions. First, sub-surface pipe drainage under drip irrigation performed well 
than flood irrigation in restraining salt content of saline-alkali oil in Xinjiang. Mean soil 
desalination rate can reached to 58.12% under sub-surface pipe drainage combined with drip 
irrigation. After the sub-surface drainage regulation under drip irrigation, the germination 
percentage of oil sunflower seedlings was increased to more than 50%. Second, sub-surface pipe 
drainage under drip irrigation could be better modeled by using salt leaching curve equations. The 
shallower the sub-surface pipe under drip irrigation, the more intense the degree of water 
infiltration and the larger the flooding infiltration. 
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